This study was to determine the VDR mutation and the mechanisms of this mutation-causing phenotype in a family with HVDRR and alopecia. Phenotype was analyzed, and in vitro functional studies were performed. The proband and his affected sister exhibited typical HVDRR with alopecia, and their biochemical and radiographic abnormalities but not alopecia responded to supraphysiological doses of active vitamin D 3 . A novel homozygous missense R343H mutation in the exon 9 of VDR residing in the retinoid X receptor (RXR)-binding domain was identified. The expression level and C-terminal conformation of R343H mutant are not different from the wildtype VDR. This mutant had no effect on the nuclear localization of VDR, VDR-RXR heterodimerization, but it impaired CYP24A1 promoter activity in the presence of 1,25 (OH) 2 vitamin D 3 , at least in part, mediated through specific nuclear receptor coactivator. Simulation models revealed the vanished interaction between guanidinium group of R343 and carboxyl group of E269. Without affecting the expression, conformation, nuclear location of VDR or heteridimerization with RXR, VDR-R343H impairs the transactivation activity of VDR on downstream transcription, accounting for HVDRR features with alopecia.
Results
Phenotype of patient. The proband, shown in Fig. 1 at 9 years of age, was born to a healthy 30-year-old mother with no family history of consanguinity or rickets. He had an uneventful full-term delivery with normal birth weight and height and was fed with standard formula milk after birth. From the age of 1 month, sparse hair with progressive loss was noted on the scalp. At 1 year of age, bowed legs developed, and a radiograph of the knees was consistent with rickets. Hypocalcemia and hypophosphatemia with a remarkably increased serum level of Vit D3 and intact parathyroid hormone and alkaline phosphatase levels confirmed the diagnosis of HVDRR (Table 1) . A combination of oral calcium, phosphate, and calcitriol was given and adjusted based on the biochemical and radiographic responses. The dosages of calcium, phosphorus, and calcitriol were increased to 200 mg/ kg/day, 100 mg/kg/day, and 15 μg/day, respectively. His serum calcium and phosphate levels increased and his serum intact parathyroid hormone level had begun to decline gradually at 4 years of age. Biochemical studies and sequential radiographs obtained at follow-up are shown in Table 1 and Fig. 1 , respectively. His short stature had improved at 9 years of age, but the alopecia persisted.
The proband's affected sister exhibited similar phenotypes, including early-onset alopecia, rickets, and follow-up results (Table 1 and Fig. 1 ). The patients' parents and one sister are phenotypically unaffected. VDR gene mutation. Direct sequencing of the genomic DNA revealed a single base substitution at position 1028 (c. 1028 G > A) in exon 9, resulting in amino acid substitution of arginine for histidine (R343H) in the proband and his affected sister (Fig. 1C ). This point mutation was located on the RXR binding domains of VDR (Fig. 1D ). This variant, VDR (ENST00000229022.7): c.1028 G > A (R343H), was absent in 200 healthy Taiwanese.
Analyses of the VDR expression. The expressions of VDR-wild type, VDR-R343H, and VDR-E420A
proteins were enhanced by overexpressed VDR in a dose-dependent manner via analysis of the anti-HA antibody in both HeLa and HEK293 cell lines (Fig. 2) . The expression of HA-tagged VDR-R343H and HA-tagged VDR-E420A proteins was relatively equal in band density compared with VDR-wild type, although the detectable amounts of VDR-E420A proteins were far less than VDR-wild type and VDR-R343H proteins, using an antibody against the C-terminal region of VDR in both HeLa and HEK293 cell lines. These results indicate that the expression level and C-terminal conformation of R343H mutant are not different from those of wild-type VDR.
VDR expression in the presence of 1,25 (OH) 2 Vitamin D 3 . The expression levels of VDR-wild type, VDR-R343H, and VDR-E420A proteins did not differ in amount in the presence or absence of Vit D3 stimulation (Fig. 3 ). This finding indicates that Vit D3 did not affect the expression of VDR.
VDR localization.
Because VDR itself is a transcriptional factor, the mutant VDR-R343H was evaluated as to whether it impaired nuclear localization in cells. We generated EGFP fusion proteins and determined the subcellular location of various VDR proteins by florescence microscopy. As shown in Fig. 4 , neither R343H nor E420A disrupted the nuclear localization, which suggests that the phenotype in this proband did not result from the impairment of nuclear localization. VDR transactivation activity. To study whether this VDR-R343H mutant could affect the transactivation activity of the wild type of VDR, we generated a luciferase-reported assay driven by the native promoter of human CYP24A1, one of the verified VDR-regulated genes in human cells, as the surrogate gene expressed in cells.
Our results show that the transactivation of VDR could be evaluated by determining the CYP24A1 promoter activity in the presence and absence of Vit D3. As shown in Fig. 5A and B, VDR-wild type, VDR-R343H, and VDR-E420A proteins could differentially repress CYP24A1 promoter activity in the absence of Vit D3, whereas the Vit D3-activated VDR-wild type protein, but not the VDR-R343H or VDR-E420A proteins, could enhance CYP24A1 promoter activity in HeLa and HEK293 cells. We further examined whether VDR-R343H as well as VDR-E420A had disrupted protein-protein interaction with nuclear receptor coactivators, such as glucocorticoid-receptor-interacting protein (GRIP1) and cAMP-response-element-binding protein (CBP). Our results showed that only Vit D3-activated VDR-wild type synergistically enhanced the CYP24A1 promoter activity with GRIP1 in HeLa cells (Fig. 5C , compare with histograms 1 and 6). Our results suggest that both VDR-R343H and VDR-E420A might lose the ability to recruit some nuclear receptor coactivators for the transactivation activity of VDR. We also checked another VDR target gene, p21, and found that VDR-E420A, not VDR-R343H, worked well as VDR-wild type on the p21 promoter activity in the absence and presence of Vit D3 (Fig. 5D) . Summarily, our findings demonstrate that the VDR-R343H mutant protein might have different functions via alternative regulation of the VDR target genes.
VDR and RXR heterodimerization. Because of the importance of the heterodimerization of VDR and RXR for VDR transactivation and the mutation on RXR-binding domain, we further analyzed the possible interaction defect between RXR and VDR-R343H by using co-immunoprecipitation assay (Co-IP). As shown in Fig. 6 , no difference in heterodimerization with RXR between VDR-R343H and VDR-wild type in the absence or presence of Vit D3. This result indicated that this R343H might not abolish the VDR-RXR heterodimerization.
Simulation models of RXR-VDR LBD heterodimer. To elucidate the possible mechanisms of abolished VDR transactivation caused by R343H, we analyzed the simulation models. The residues of Y143, S237, R274, S278, H305, and H397 in the binding site of VDR interacted with Vit D3. The R343 was located in the interhelical loops between H8 and H9. The guanidinium group of R343 forms a hydrogen bond with the carboxyl group of E269, which is located in helix 5 of VDR (Fig. 7) . The interaction vanished for the R343H mutant.
Discussion
We identified a novel homozygous mutation R343H on the VDR gene in a family with typical HVDRR and alopecia. This amino acid 343 arginine residue (R343) on VDR should play an important role in calcium homeostasis, bone mineralization, and normal hair development. In an in vitro study, this mutation located on the RXR-binding domain of VDR expressed well and had similar C-terminal conformation as wild-type VDR. It also did not alter the nuclear localization, and VDR-RXR heterodimerization, but did impair the Vit D3-dependent transactivation of the downstream target gene, CYP24A1, via specific nuclear receptors. The functional study of the reported VDR mutants reveals the molecular mechanisms in HVDRR 7 . Mutations in the DNA binding domain prevent the interaction of VDR and vitamin D response element (VDRE) of target genes 3 , and mutations in the vitamin D 3 and transactivation binding domains affect the binding of hormone and coactivators, respectively 8, 9 . At least four RXR-binding sites are located in VDR, including 37, 91-92, 244-263, and 317-395 binding region (Fig. 1D ) 10 . Mutations in RXR-binding domains may reduce the expression of VDR or cause a defect in the heterodimerization of VDR and RXR [11] [12] [13] . Although this R343H mutant had been reported in case of heritable rickets by Rauch et al. 14 , the functional assay of this mutant is lack. This identified VDR-R343H mutation in the RXR-binding domain did not affect the expression level of VDR protein as comparing with wild-type VDR. The distinct mutation sites in the RXR-binding domain have shown a different degree of attenuation in VDR-RXR heterodimerization, resulting in variable turnover of mutant VDR. We used E420A mutant, another ligand-binding domain of VDR, due to its normal affinity with RXR 15 . Unlike E420A, this R343H mutation did not alter the conformation of the transactivation-binding domain of VDR. Neither E420A nor R343H altered the nuclear localization of VDR. Accordingly, the R343H mutant did not reduce VDR expression, change the conformation of its C-terminal, or impair its nuclear translocation.
To study whether Vit D3-dependent transactivation was involved in R343H to cause HVDRR, we evaluated CYP24A1 promoter activity as one of the well-known VDR-regulated genes in human cells. The VDR-R343H like E420A mutant impaired Vit D3-dependent transactivation. The abolishment of the transactivation activity of VDR-E420A mutant has been shown by defective interactions of VDR with coactivators including SRC-1 and DRIP205 16, 17 . In this mechanism, which is similar to that of VDR-E420A and other VDR-RXR binding domain mutants, VDR-R343H should reasonably impede the transactivation activity 11, 12, 18, 19 . Deletion studies of VDR have demonstrated that the formation of heterodimer with RXR is necessary for transcriptional activity [20] [21] [22] . From crystallographic studies, the dimer interface of VDR-RXR is formed from helixes 9 (H9) and 10 (H10) and the interhelical loops between H7 and H8 and H8 and H9 of VDR 23 . Because VDR-R343 lies in the interhelical loop between H8 and H9, this critical mutation site would impair the heterodimer interface and disturb heterodimerization. However, we demonstrated that this VDR-R343H did not disrupt the VDR-RXR heterodimerization by using three different Co-IP experimental conditions, including overexpression of RXR. The condition of exogenously overexpressing RXR and various VDRs seem to rule out the endogenous RXR contributed to most of the VDR pull-down by RXR antibody in our case. This blunt result may be the truth for current status. The in vitro GST pull-down or proximity ligation assays may overcome the limitation of traditional Co-IP experiment. Simulation models revealed that the alteration of charge interaction between R343 and E269 resulted in instability of the H5 structure of VDR, which is important for the constitution of hydrophobic cleft with H3 and H4, by this novel mutation. This cleft has been demonstrated to hold the competitive binding sites of transcriptional coactivator and co-repressor molecules 24 . This was supported by our findings that the synergistic enhancement on the CYP24A1 promoter activity when the recruitment of transcriptional co-activator, GRIP1, by ligand-activated VDR-wild type, not VDR-R343H mutant.
The early-onset alopecia also found in the proband and affected sibling with HVDRR, which was consistent with case of mutation R343C reported by Mazen et al., may be associated with the severity of the vitamin D resistance 25 . Alopecia can be variable (totalis or partialis) in appearance and extent, and its exact pathogenesis in HVDRR remains to be elucidated. Mice and patients who express a truncated VDR that lacks a DNA-binding domain exhibit alopecia, and patients with mutations in RXR but not in the Vit D3 ligand-binding domain also have alopecia [26] [27] [28] . Recently, the hair follicle cycle was reported to be also regulated by unliganded VDR, and defects in the interaction between unliganded VDR and the HR, Lef1, β-catenin, Hh, and Wnt signaling pathways impair the hair cycle 9, [29] [30] [31] [32] [33] . The alopecia in patients with HVDRR, including our patient, was persistent and did not respond to active vitamin D 3 therapy 5, 6 . Further therapies that target the enhancement of interaction between guanidinium group of R343 and carboxyl group of E269 by either genetic therapy with correction of this point mutation of VDR might prove to be a curative treatment for alopecia in this family with R343H mutation of VDR [34] [35] [36] . With respect to therapy and follow-up in this family with HVDRR, normalization of biochemical features and improvement of rickets were observed after supraphysiological doses of oral calcitriol and calcium treatment, as mentioned in previous reports of patients with RXR-binding domain mutations 17, 19, 20 . The responsiveness of Vit D3 supplementation in patients with HVDRR appears to depend on the mutation sites of VDR. The VDR function in patients with Vit D3 and RXR-binding domain mutations could be rescued by ultra-physiological doses of calcitriol, whereas those with DNA-binding domain mutations have complete hormone resistance even with extraordinarily high doses of calcitriol 1, 37, 38 . Of interest, our patient did not require oral phosphorus supplementation following the correction hypocalcemia and secondary hyperparathyroidism, indicating that hypophosphatemia in patients with HVDRR is highly related to vitamin D resistance and secondary hyperparathyroidism per se 5, 6 .
Conclusion
We identified a novel homozygous R343H mutation in the RXR-binding domain of VDR in a family with HVDRR and refractory alopecia. This VDR-R343H mutation resulted in abolishment of Vit D3-dependent transactivation, which was not related to the defect of VDR-RXR heterodimerization but result from the failure of transcriptional co-factors recruitment that may be caused by instability of the H5 structure of VDR. This study provides additional insight into the effects of VDR structure defects on the functional consequences of calcium homeostasis, bone mineralization, and hair follicle development.
Methods
Patient. This study followed the tenets of the Declaration of Helsinki, and was approved by the ethics committee on human studies at Chang Gung Memorial Hospital in Taiwan (IRB105-6067C). All methods were performed in accordance with approved guidelines. Written informed consent including publication of identifying image in an open-access journal was obtained from the guardian of children involved after a detailed description of the study.
Direct sequencing of VDR gene. Genomic DNA was extracted from peripheral leukocyte in this patient and family members with a DNA isolation kit (QIAamp Blood Kit; Qiagen, Dusseldorf, Germany). Exons 2-9 of the VDR gene were amplified by polymerase chain reaction with primers and directly sequenced.
Construction of plasmids.
Various VDR coding regions were synthesized by polymerase chain reaction and subcloned into the pSG5.HA vector with EcoRI and XhoI sites or enhanced green fluorescent protein (pEGFP) with EcoRI and SalI sites (Clontech Laboratories, Mountain View, CA). The E420A, the other ligand-binding domain, and wild-type VDR were synthesized as negative and positive controls, respectively. The native promoter of the CYP24A1 gene (−350/−1) used to drive the expression of the construct-carrying luciferase reporter gene was synthesized by polymerase chain reaction and subcloned into the XhoI and HindIII sites of the pGL3 basic-Luc vector (Promega, Madison, WI). Expression vectors for GRIP1 and CBP in the pSG5.HA vector and p21-luciferase reporter gene had been described previously 39, 40 . NaCl; 0.1% sodium dodecyl sulfate; and 1% Triton X−100) at 4 °C, separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis, and transfected onto a polyvinylidene difluoride membrane (Millipore, Bedford, MA). The following proteins were detected using specific antibodies: hemaglutinin (HA) epitope (3F10; F. Hoffman-La Roche, Basel, Switzerland), proliferating cell nuclear antigen, α-actinin, and VDR (F-2, H-2, and D-6; Santa Cruz Biotechnology, Santa Cruz, CA). For evaluation of VDR expression, the HeLa and HEK293 cells SCIENTIfIC RepoRTs | 7: 15337 | DOI:10.1038/s41598-017-15692-z were transfected with 0, 0.05, 0.1, 0.2, 0.3, and 0.4 μg of transfected pSG5.HA.VDR-wild type, pSG5.HA.VDR-R343H, and pSG5.HA.VDR-E420A expression constructs for 16 h. The cell extracts were subjected to Western blot analysis probing with antibodies to α-actinin; proliferating cell nuclear antigen; anti-HA antibodies for HA-tagged VDR-wild type, HA-tagged VDR-R343H, and HA-tagged VDR-E420A; and antibodies against the amino acid residues 343 to 424 of VDR. For analysis of VDR expression in the presence of Vit D3, the HEK 293 cells were transiently transfected with 0.3 μg pSG5.HA.VDR-wild type, pSG5.HA.VDR-R343H, and pSG5. HA.VDR-E420A expression constructs. The cells were treated with vehicle or with 0.1 μM Vit D3 for 20 h. The cell extracts were subjected to Western blot analysis probing with antibody to α-actinin and anti-HA antibodies for the HA-tagged VDR-wild type, HA-tagged VDR-R343H, and HA-tagged VDR-E420A. The results are representative of three independent experiments.
Cell
Co-immunoprecipitation assay. The Co-immunoprecipitation assay (Co-IP) assay was performed using Pierce TM Crosslink Magnetic IP/Co-IP Kit (Waltham, MA), according to the manufacturer's instructions. In brief, HeLa and HEK293 cells were co-transfected with vectors expressing VDR (wild-type, R343H and E420A mutants; 4 μg). Cells were harvested 24 hours after the transfection, washing cells one time by PBS, cells were harvested in ice-cold IP Lysis/Wash Buffer (containing protease inhibitor cocktail). Total cell lysates were collected by centrifugation at 13,000 g for 10 minutes at 4 °C. To immunoprecipitate endogenous RXR, 400 μg of the lysate was incubated for 1 hour at room temperature with 1 μg of RXR antibody (SC-774, Santa Cruz Biotechnology) complexed with protein A/G magnetic beads. The immune complexes were then washed by IP Lysis/Wash buffer and eluted by Elution buffer. Samples were heated in SDS sample buffer and processed by western blotting with antibodies against HA or VDR.
Structure models of VDR mutant. The RXR-VDR ligand-binding domain (LBD) heterodimeric model was generated on the basis of the RXR-RAR LBD crystal structure (PDB code: 1DKF) 23 , in which the RAR LBD was replaced by the VDR LBD crystal structure (PDB code: 1DB1) using Discovery Studio (v3.5; Accelrys Inc., San Diego, CA) 41 . The geometry of the model was optimized using the algorithm of smart minimization in a CHARMM force field. The mutant models were constructed using the Built Mutants protocol followed by energy minimization.
